Introduction
Ultrasonic additive manufacturing ͑UAM͒ or ultrasonic consolidation is a recent manufacturing process that combines principles from ultrasonic welding, layered manufacturing techniques, and subtractive processes to create metal parts with arbitrary shapes and features ͓1͔. UAM is a solid-state welding process that allows joining of metallic materials far below their respective melting temperatures. The locally generated heat due to ultrasonic vibration during the UAM process ranges between 30% and 50% of the melting temperature of the base metal ͓2͔. For this reason, UAM offers unprecedented opportunities to create parts with embedded elements that are sensitive to thermal loading, such as smart materials or electronic components ͓3,4͔. Further, the subtractive stage integrated within the UAM system allows for the simultaneous incorporation of arbitrarily shaped internal features such as cooling channels or designed anisotropies. Finally, UAM has been utilized to embed and join both difficult and dissimilar metals and materials such as Ti, Al, Cu, Mg, and stainless steel alloys.
The UAM process, in which successive layers of metal tape are bonded together, is based on the technology of ultrasonic metal welding. A sonotrode or horn is used to apply a normal force at the interface between two metal work pieces. An ultrasonic transducer drives the transversely vibrating sonotrode, which imparts a motion to the top work piece and creates a relative, frictionlike action at the interface of the two work pieces ͑Fig. 1͒. This scrubbing motion causes shear deformations of contacting surface asperities, dispersing interface oxides and bringing clean metal-tometal contact and adhesion between the faying surfaces ͓5͔.
The UAM system is distinct from conventional metal welding systems. As shown in Fig. 2 , instead of a spot contact, vibrations generated by a piezoelectric ultrasonic transducer are transmitted into the parts through a rolling horn. The rate of displacement of the horn relative to the build is referred to as the weld speed and is an operator-defined process parameter. The vibrations propagate longitudinally at a frequency of 20 kHz from the transducer to the horn through tuned waveguides. The amplitude of these vibrations is considered a process parameter that can be adjusted. Normal force can be adjusted and applied to the vibrating horn as it rolls along the work piece, and the vibrations transmitted to the weld interface cause a solid-state bond between the parts. Current UAM systems achieve the most effective bonding on thin metal layers of approximately 152 m thickness. The UAM system employs either an automated feed mechanism for allowing successive layers of metal tapes, drawn from a continuous spool, or thin sheets to be bonded together for creating larger bulk builds. A subtractive computed numerically controlled ͑CNC͒ machining stage is also fully automatic and integrated within the UAM system ͓5͔.
Several studies have related bond quality to manufacturing parameters ͑machine settings͒, mainly normal force, oscillation amplitude, and weld speed. Most of these studies focused on 3003-H18 aluminum as the matrix material and assessed the bond quality by reporting either peel strength data or linear weld density measurements ͓2,6,7͔. Currently, neither of these tests can be used as a direct comparison to commonly used material properties. Further, studies focused on Ti/Al composites have not been reported. In UAM, the force, oscillation amplitude, and weld speed can be adjusted over a broad range, but it is unclear how these parameters and combinations of them affect the process and resulting build strength. The main objective of this research is to characterize the dependence of mechanical properties on process parameters for UAM composites comprising Ti/Al bilayers. Statistical models were used to account for the stochastic nature of the UAM process. Trends in the response variable data were detected and statistically verified. Titanium-aluminum builds were chosen to be investigated because of their relevance in high strength composite applications. Finally, mechanical testing procedures were developed for this research which may be applicable to future UAM mechanical strength investigations.
The present study uses a design of experiment ͑DOE͒ approach in order to fully explore the effects of normal force, oscillation amplitude, weld speed, and number of bilayers on the ultimate shear strength ͑USS͒ and ultimate transverse tensile strength ͑UTTS͒ of UAM Ti/Al builds. A bilayer consists of one titanium layer on top of one aluminum layer without any welding in between, as shown in Fig. 3 . The parts are built by successively welding one bilayer onto another.
Experimental Methods

Sample Fabrication and Statistical Procedures.
The materials used in this research were 127 m thick sheets of commercially pure, annealed grade 1 titanium and 1100-O aluminum. All samples were built by Solidica, Inc., Ann Arbor, MI and were 19 mm high by 63.5 mm wide and 292 mm long. The samples were all built at a baseplate preheat temperature of 150°C and were subjected to a post-process heat treatment of 4 h at 480°C followed by furnace cooling. The samples were then machined to the geometries needed for testing.
A Taguchi L16 orthogonal array was employed for the experimental design. The Taguchi array is a statistically robust design that reduces the number of treatment combinations from 256 to 16 for a design consisting of four parameters at four levels each ͓8͔. The process parameters and their corresponding levels are shown in Table 1 . The levels for each of the manufacturing parameters were selected because they represent an even distribution across the range of machine operation limits for each setting. Table 2 shows the Taguchi orthogonal array with the coded parameter levels. Generalized linear models with four main effects ͑normal force, amplitude, weld speed, and number of bilayers͒ were used to study trends in each outcome variable ͑USS and UTTS͒. The linear model equation and model assumptions utilized are
This linear model describes the dependence of the response variable ͑USS or UTTS͒, Y ijklt , upon the levels of the treatment factors ͓9͔. In Eq. ͑1͒, denotes the overall mean of the response variable. The effects of each of the process parameters on the mean response are represented by ␣ i , ␤ j , ␥ k , and ␦ l , where ␣ i is the effect of normal force at the ith level on the response while the other three factors are fixed. Similarly, ␤ j , ␥ k , and ␦ l represent the effects of amplitude, weld speed, and number of bilayers at the jth, kth, and lth levels, respectively, while the other factors are fixed. The error variable, ⑀ ijklt , is a random variable with zero mean, which denotes any nuisance variation in the response. In this model, it is assumed that the error variables are independent and that they have a normal distribution with zero mean and constant variance. Several samples could not be built due to delamination during manufacture or machining. As a result of the limited sample size, and for simplicity, the models were reduced to include combinations of two main effects per model ͑bivariate models͒.
Four shear and four transverse tensile samples were created and tested per experimental run. All mechanical tests were run on a 20 kip ͑89 kN͒ interlaken load frame fitted with a Ϯ5000 lb ͑22.2 kN͒ load cell and integrated linear variable differential transformer ͑LVDT͒. The load frame was connected to an MTS 458.20 micro console controller that was coupled to a data acquisition system comprising a Data Physics dynamic signal analyzer and a PC. All tests were run under displacement control with a ramp and hold input program. Because the LVDT measures the deflection of the test frame actuator, all displacement data include displacement generated within the load train as well as the specimen. Consequently, the resulting force-displacement plots can only be used to determine if a given sample failed in brittle or ductile mode through qualitative analyses. Further, these data cannot be used to calculate specimen strain or related properties such as the elastic modulus. The statistical analyses were performed using SAS 9.1 statistical software ͓10͔.
Transverse Shear
Testing. UAM shear specimens were built based on the ASTM standard test method for lap shear strength of sealants ͑ASTM C 961-06͒. The specimens were designed such that a tape layer was oriented along the shear plane, as shown in Fig. 4 . The samples were received as 2.500ϫ 0.675 ϫ 0.750 in.
3 ͑63.50ϫ 17.15ϫ 19.05 mm 3 ͒ rectangular prisms, which were then machined down to final dimensions. The samples were tested by placing them in a shear jig where one leg is supported and the other leg is loaded from the top. Figure 5 shows a sample in the shear jig just prior to being tested in the load frame. Loading was applied until sample failure while measuring force and hydraulic ram displacement.
Transverse Tensile
Testing. UAM transverse tensile specimens were built such that the tape layers were perpendicular to the applied axial loading ͑Fig. 6͒. Since this geometry and test method does not adhere to known standards, control tests were run with a solid wrought piece of 3003 aluminum. The test does not bias the ultimate tensile strength and is repeatable. Therefore, the geometry shown was used for the transverse tensile testing of the Ti/Al samples in this research. The samples were received as 0.375ϫ 0.375ϫ 0.750 in.
3 ͑9.53ϫ 9.53ϫ 19.05 mm 3 ͒ rectangular prisms, which were then machined down to final dimensions. Tensile strength of the bonding between the layers was tested by placing the samples into specially designed grips. Figure 7 shows the configuration of the grips and the samples. The samples were axially loaded until failure while the force and the hydraulic ram displacement were recorded.
Micrograph Preparation.
After mechanical testing, the bond interface of selected samples was examined at a microscopic level to determine if there is a correlation between macroscopic mechanical strength and microstructure in UAM Ti/Al composites. Samples were cross sectioned ͑perpendicular to weld direction͒ and polished following standard metallographic procedures. Observations were conducted on as-polished samples using an optical microscope under various magnifications. 
Mechanical Test Results.
The breaking force varied considerably between samples within individual experiments and between experiments. Figures 8 and 9 , respectively, show the USS and UTTS averages over the sample replicates and the standard error. The standard error is defined as the standard deviation over the square root of the total number of samples studied. The breaking force was measured at the time when the specimen underwent complete failure, right before the force decreased significantly. There are only 8 of 16 experimental runs that could be tested for shear and only 6 of 16 experimental runs that could be tested for transverse tension.
Surface plots of the response variables are shown in Figs. 10 and 11. These measurements indicate that attainment of the highest USS and UTTS requires a combined selection of 1500 N normal force, 30 m or more amplitude, 42-64 mm/s weld speed, and only two bilayers. Moreover, there is no likely interaction between the parameters at these levels because the levels that produce the highest response are the same between plots of varying combinations of parameters.
Statistical Analysis of Mechanical Strength Tests.
The USS and UTTS data were analyzed statistically by fitting generalized linear models. The type I error probability selected for this experiment is ␣ = 0.05 for testing each of the model parameters. The ␣ level is the threshold probability of a false positive ͑type I error͒, that is, rejecting the null hypothesis when it is true. The p value represents the probability of obtaining a test at least as extreme as the one observed, assuming that the null hypothesis of no trend or no effect is true. The lower the p value, the stronger the evidence against the null hypothesis; when p Ͻ ␣, the null hypothesis is rejected in favor of the alternative hypothesis ͑there is a trend or an effect͒.
The results from the bivariate models are shown in Table 3 for the USS data and Table 4 for the UTTS data. The results for the USS data show that the two best models ͑highest R 2 values͒ are the ones including normal force and amplitude ͑R 2 = 0.6144͒ and weld speed and number of bilayers ͑R 2 = 0.6892͒. In addition, value represents the proportion of the total variability in the response variable explained by the model. Table 4 shows that the two best models for UTTS are the ones including weld speed and number of bilayers ͑R 2 = 0.7394͒ and normal force and weld speed ͑R 2 = 0.7394͒. Therefore, 74% of the variability in UTTS is explained by either bivariate model. For these two models, weld speed is significant when combined with number of bilayers but not when combined with normal force. This result is likely an artifact of the limited UTTS data as it is not consistent with the results from the USS data. The model fits correlate well with the surface measurements shown in Figs. 10 and 11 .
In addition to understanding the significance of the parameters we examined trends in the data by fitting univariate models. Figures 12 and 13 show USS and UTTS measurements, respectively, for each parameter at each level averaged over all other levels and parameters. The plots show polynomial functions that best fit the data. These functions are shown in Table 5 within the measured range. Most of the R 2 values are higher than 0.96, which indicates strong linear associations with the response variables. The fitted linear models with R 2 Ͻ 0.96 ͑normal force for the USS data and normal force and weld speed for the UTTS data͒ are good estimates of the observed trend, but not all the variability in the response variables is explained by these models.
Linear trend contrasts were tested at a 0.01 significance level. Table 6 shows the results of this analysis; there is a straight-line relationship between the USS and the UTTS data and all the four parameters ͑all parameters have small p values͒. Figures 12 and 13 illustrate that there is an increasing straight line in the cases of normal force and amplitude and a decreasing trend in the cases of weld speed and number of bilayers. For the USS, the trend contrasts demonstrate that amplitude has a slight quadratic trend ͑p = 0.0059͒, most likely due to the influence of the response at level 2. The normal force, weld speed, and number of bilayers for the USS data exhibit significant quadratic trends. For the UTTS, there is no significant quadratic trend present in the amplitude and weld speed data ͑p = 0.6786 and p = 0.1732, respectively͒. Both normal force and number of bilayers show a significant quadratic trend.
Micrographs of Bond
Interface. The samples chosen for microstructural investigation correspond to experiment 7, sample 3 ͑sample 7-3͒ and experiment 12, sample 1 ͑sample 12-1͒. These specimens were selected because sample 7-3 exhibits relatively low USS and UTTS ͑28.67 MPa and 24.89 MPa, respectively͒ and sample 12-1 exhibits relatively high USS and UTTS ͑61.22 MPa and 32.79 MPa, respectively͒. We compare the microstructures of these two samples and seek to investigate differences between them that may explain the difference in mechanical strengths. Figures 14 and 15 are typical images of the tape layers at 100ϫ magnification for samples 7-3 and 12-1, respectively.
Both of the samples were built using two bilayers with the titanium layer in contact with the welding horn. Therefore, every four layers ͑aluminum on the bottom and titanium on the top͒, the horn is in contact with the top titanium layer. Previous research has shown that there is a significant increase in roughness on the surfaces in contact with the horn during the UAM process ͓11͔. This can be seen in Fig. 14 but it is noted that while both samples were built using two bilayers, sample 7-3 had 1000 N normal force, 25 m amplitude, and 85 mm/s weld speed whereas Consequently, the layers that were welded in sample 7-3 are not expected to be as rough as layers welded in sample 12-1. Figures 16 and 17 show closer views of the two samples. Similar observations can be made for both samples. The area labeled region I shows foreign particles distributed throughout the aluminum tape layer. Evaluation of these particles and the immediate surrounding areas using a scanning electron microscope ͑SEM͒, an energy dispersive X-ray spectroscope ͑EDX͒, and a backscatter electron SEM show that these particles are composed of silicon originating from the SiC grit disks used for polishing the samples. The EDX results for one of the particles tested are shown in Fig.  18 . The harder titanium breaks off pieces of the silicon disk during polishing, and the ensuing particles become lodged into the much softer aluminum layer. The entire interface was checked using EDX, and it was found that the post-process heat treatment did not induce intermetallic compounds. In region II, the aluminum layer appears to have smeared into the crevasses of the titanium build below it. Finally, the lack of typical voids at the interface is quite noticeable and is explained in Sec. 4.4.
Discussion
Mechanical Strength of Transverse Shear Specimens.
Most of the samples exhibited a predominantly linear relationship between force and displacement and failed in a macro-level brittle fracture mode. Additionally, there was considerable variation in USS with standard deviations ranging from 5.10 MPa to 20.76 MPa between experiments. For experiment 16, the average USS was 32.66 MPa with a standard deviation of 20.76 MPa, which is 63% of the average value. This result highlights the inconsistency of the USS for Ti/Al shear samples made by UAM.
Experiment 12 produced the highest strengths with an average of 63.63 MPa and a standard deviation of 6.27 MPa. The USS for a sample made under the parameters of experiment 12 was about the same as the USS of solid 1100-O aluminum ͑62 MPa͒. For samples made under optimal welding parameters, the aluminum layer is expected to fail at about the same stress as the bonds, causing a spike in the stress of the titanium layers, leading to a complete failure of the build. While this experiment produced strengths close to the failure strength of one of the parent materials, most of the other experiments had strengths up to 50% less than solid 1100-O aluminum.
Mechanical Strength of Transverse Tensile Specimens.
All samples exhibited a predominantly linear relationship between force and displacement and failed in a macro-level brittle fracture mode. The samples failed at a single weld interface and produced two separate pieces. Significant deviation in UTTS was observed; standard deviations ranged from 3.37 MPa to 11.22 MPa between experiments. For experiment 8, the average UTTS was 12.55 MPa with a standard deviation of 6.62 MPa, which is 53% of the average value. Similar to the shear tests, experiment 12 produced the highest strengths with an average of 48.25 MPa and a standard deviation of 11.22 MPa. This is only about 40% of the ultimate tensile strength of solid 1100-O aluminum. These results show that UTTS is more consistent than USS, although UAM samples are weaker in the transverse tensile direction than in shear.
Effects of Manufacturing Parameters
Normal Force.
It can be seen from Figs. 12͑a͒ and 13͑a͒ that USS and UTTS exhibit a maximum near 1500 N and a relatively linear dependence below this force value. This type of dependence is consistent with results found by Kong et al. ͓2͔, Yang et al. ͓12͔, and Janaki Ram et al. ͓13͔ for UAM builds. While the material tested in those studies was 3003 aluminum, it can be assumed that the same mechanism causing this behavior is present in UAM Ti/Al composites. Although the exact nature of this mechanism is not known, we speculate that too high of a normal force can result in excessive interfacial stresses, causing breakage of previously formed bonds. Second, the increase in normal force leads to an increase in the welding horn's oscillatory force needed to maintain a given frequency. The high normal force prevents the horn from oscillating at the desired amplitude, thereby reducing the effectiveness of the UAM process ͓12͔.
Oscillation
Amplitude. Unlike normal force, oscillation amplitude linearly affects the USS and UTTS across the chosen levels, as shown in Figs. 12͑b͒ and 13͑b͒ . As the oscillation amplitude increases, the relative USS and UTTS also increase. High vibration amplitudes result from higher vibratory energy and higher associated shear forces at the weld interface. This leads to better removal of any oxide films or other contaminants on the surface of the layers. The break-up of these surface impurities permits better metal-to-metal contact of the faying surfaces, which allows for elastic-plastic deformation and atomic diffusion to take place at the interface ͓2͔. Fig. 12͑c͒ , the USS slightly declined when the welding speed increased from 21-64 mm/s and decreased abruptly beyond 64 mm/s. Based on the results of this experiment, a slower weld speed produces a higher USS in Ti/Al specimens. Figure 13͑c͒ shows that the UTTS abruptly increased from 40 MPa to almost 50 MPa between 21 mm/s and 42 mm/s and then decreased drastically at speeds of 64 mm/s and 85 mm/s. This trend is slightly different from the one found for the shear tests. The spike in the UTTS at 42 mm/s occurs because the values used for calculating that point were all from the same treatment combination ͑experiment 12͒, which produced very high tensile strengths because of the other parameter settings. Overall, for the weld speeds used in this experiment, a slower weld speed produces a higher UTTS in UAM Ti/Al specimens. Welding speed determines the amount of energy input per unit length. The slower the welding horn moves across the build plate, the more time is allowed for contact between the oscillating horn and the material, thereby increasing the total energy put into the build. Conversely, by increasing the welding speed, the horn resident time reduces, leading to inadequate oxide layer removal and less plastic deformation at the interface ͓2,12͔.
Weld Speed. As shown in
Number of Bilayers.
The number of bilayers that are stacked between welds has a significant effect on the strength of the build. The data in Figs. 12͑d͒ and 13͑d͒ show that there is a negative linear trend of the USS and UTTS as the number of bilayers is increased. For a greater number of bilayers, the same energy imparted by the welding horn needs to be dispersed through a larger volume of material. In addition, as the height of the build increases, the part becomes more compliant, thus resulting in greater deflection of the part. In turn, there is an increase in the relative motion between the part and the horn, which means that energy is being used to deflect the part, so there is less energy available for the scrubbing action of the horn on the material. This experiment shows that for a given available ultrasonic energy, the fewer the bilayers, the better the chance of building a solid part because of superior bonding between layers.
Examination of Bond Interface Microstructure.
It has been shown that in ultrasonic welding of two dissimilar metals, there is extensive mechanical interlocking and deformation; the softer of the two materials flows around the surface topography of the harder material ͓14͔. Because aluminum is much softer than titanium, the asperities on the titanium surface do not undergo sufficient deformation to allow for nascent surface creation. The aluminum tape simply conforms to the shape of the titanium faying surface, which prevents solid-state metallurgical bonding from occurring. As a result, the strength of the build is based mainly on mechanical interlocking of the materials. The span of strengths exhibited by the samples in this DOE is attributed to the amount and severity of roughness imposed by the horn on the titanium layer, which creates the surface profile that the aluminum tape deforms into.
Surfaces in contact with the textured horn are generally rougher than surfaces not in contact. Because in our study the layer in contact with the horn is always made of titanium, the titanium layers have a rougher topography than the aluminum layers. Hence, when the aluminum tape is placed on top, there are more significant peaks and valleys for the aluminum to flow into, causing greater mechanical interlocking at these layers. This explains the fact that builds with more bilayers exhibit much lower strengths compared with builds with fewer bilayers. In the builds with four, six, and eight bilayers, there are fewer total layers that are in contact with the horn. In turn, there are fewer layers where a large amount of mechanical interlocking could occur. 
Conclusions
A DOE utilizing a Taguchi mixed array was carried out on UAM Ti/Al composites for four process parameters ͑normal force, amplitude, weld speed, and number of bilayers͒ at four levels each. Standardized methods of mechanical testing ͑shear and transverse tensile͒ were established and verified. Due to delamination during UAM or during the post-processing and machining, many of the treatment combinations could not be tested. There was great variability between all samples in both shear and tensile tests and samples mainly broke in a macro-level brittle fracture mode between layers. The greatest shear strength observed is about 68 MPa ͑experiment 12͒, which is close to the shear strength of solid 1100-O aluminum. The transverse tensile strengths are all much less than the ultimate tensile strength of both parent materials with the greatest average UTTS being 53% less than that of solid 1100-O aluminum.
Generalized linear models were used to study the dependence of USS and UTTS on the four process parameters. Bivariate models involving two of the factors at a time were investigated. In addition, linear contrasts and linear regression models were studied to further explore these relations. Larger sample sizes are needed in order to fit models with all four factors and possible interactions among them. While further studies are necessary to fully assess the effects of the parameters in this study, the trends indicate that the following combination of levels of process parameters examined in this DOE produce the highest strengths: normal force of 1500 N, oscillation amplitude of 30 m, weld speed between 21 mm/s ͑50 in./min͒ and 42 mm/s ͑100 in./min͒, and two bilayers.
Examination of sample microstructures revealed that little to no metallurgical bonding occurred at the interface. The softer aluminum is believed to flow around the topography of the harder titanium, which in turn does not allow for deformation of asperities, thereby limiting nascent surface contact area, which is necessary for solid-state bonding. The strength of the builds is derived from the severity of the mechanical interlocking of the two metals at the interface due to the imprinting of a roughness from the horn.
